Introduction Odontoid fractures in young children are rare. Most authors advocate for closed reduction and external stabilization as first line treatment. Unlike adults, young children are much less amenable to an awake reduction for real-time assessment of neurological function. We used spinal cord monitoring, as used in spine surgery, to assess the function of the spinal cord during the closed reduction in our 31-month-old patient. Case presentation A 31-month-old male presented with a displaced odontoid fracture and ASIA C spinal cord injury. Given his age, closed reduction and halo application were completed under general anesthesia guided by neuromonitoring. A lessthan-ideal reduction initially was accepted due to a decline in motor-evoked potentials. Subsequently, there was no change in neurological status. The reduction was repeated under anesthesia, with monitoring, a number of times until good correction was achieved. Ultimately, a surgical fusion was required due to ligamentous instability. The child achieved a very good neurological outcome and a stable spine.
Introduction
Pediatric spine injuries are relatively rare with incidence in the literature ranging from 0.2 to 0.5% of all fractures and 2.7 to 9% of all spinal injuries [1, 2] . Younger patients are more likely to present with upper cervical spine involvement due to their anatomy; a greater head-toneck ratio, ligamentous laxity, underdeveloped neck muscles, horizontal facets, and physiologic wedging of the vertebra [3] [4] [5] [6] . Furthermore, C2 is particularly susceptible given that the cartilaginous plate between the odontoid process and the axis does not fuse until the age of 5-7 [6] [7] [8] .
Given the rarity of these injuries, there is little guidance in the definitive management of each injury pattern. Most authors continue to support closed reduction, external stabilization, and close follow-up [6, [9] [10] [11] [12] [13] . The halo vest is still the most widely used with an excellent fusion rate reported from 80 to 93% and immobilization ranging from 10 to 18 weeks [9] [10] [11] .
Mandaback et al. advocate the application of the halo device under ketamine procedural sedation with any reduction done under fluoroscopic guidance [14] . Although procedural sedation is necessary for both analgesia and ease of reduction in the young, reliable neurological monitoring is no longer possible. The adult literature advocates for an awake spinal reduction to monitor neurological deterioration.
Neurophysiological monitoring has been increasingly incorporated into the operating room for spinal interventions to assess the patient's baseline status and intraoperative changes [15] . This technique could be incorporated into procedures such as spinal closed reduction in young patients who are otherwise unable to cooperate with an awake closed reduction.
We present this case to highlight the role of neurophysiological monitoring in the closed reduction of a displaced odontoid fracture in a 3-year-old male.
Case presentation
A 31-month-old male presented to local hospital after being ejected off of an all terain vehicle (ATV). He was not wearing a helmet. Level of consciousness was documented as decreased at the site. He was placed on a spine board and transferred to a local hospital, where the ATLS protocol was initiated and initial imaging was obtained.
Plain radiograph of the lateral cervical spine (Fig. 1 ) shows inappropriate positioning of the child on the spine board. There is abnormal flexion alignment and evidence of an odontoid fracture. Excessive flexion has accentuated the displacement of the fracture site. This was promptly identified and addressed by the local medical team.
CT scan confirmed a flexion-type odontoid fracture with comminution and extension into the C2 body (Fig. 2) . There was anterior displacement of the odontoid as well as the ring of C1. A left midshaft clavicle fracture and nondisplaced mandibular fractures were also noted.
The patient was placed in a cervical orthosis with a towel rolled between his shoulder blades. He was medically stabilized and transferred via air transport to the regional trauma center. His medical and surgical history revealed a dog bite one year prior requiring skin grafting to the right side of his face. He was otherwise healthy and immunizations were up to date.
Upon arrival his GCS was 12. He was moving all limbs, however, a detailed neurological exam was difficult due to his age, pain, and distress. Although we could not accurately grade his strength, movement was noted in all myotomes from C5-T1 and L2-S1 and appeared to be antigravity or less. Sensation was grossly intact. Reflexes were symmetrical in both upper and lower extremities. Plantars were downgoing. Tone was normal. Clinical exam was most consistent with an ASIA C spinal cord injury. Plain radiographs were repeated that showed ongoing anterior displacement of the C2 fracture (Fig. 3) .
The patient required general anesthesia to undergo MRI of his brain and spinal cord. The MRI showed significant soft tissue disruption posterior around the ring of C1/2 as well as cord edema extending from C1 to C4 (Fig. 4) . He was taken to the operating room (OR) immediately following the MRI, under the same anesthesia, for closed reduction of the odontoid. Motor-evoked potentials (MEPs) and somatosensory-evoked potentials were elicited using standard protocols [15] . There was evidence of spinal cord dysfunction, with delayed, polyphasic potentials in all extremities [16] . These were most delayed in the right arm.
A small halo Bremer ring and eight pins were placed followed by fitting of the vest. A gentle and controlled reduction was carried out by applying manual traction and extension. This was guided by fluoroscopy and neurophysiological monitoring. Once alignment was achieved, the halo and vest were secured. The patient was then propped upright to further assess position and settling of the fracture in sitting. Some translation was noted and repeat reduction was completed with the halo ring and vest. Final radiographs showed acceptable reduction and restoration of the occipitocervical alignment (Fig. 5) . Clinically, however, his neck was in an extended position. Further flexion was attempted, but resulted in a significant decrease in the MEPs (>80%) which returned to slightly larger than baseline in the extended position. This extended neck position, with adequate fracture reduction and MEPs, was accepted, with plans to gradually increase flexion as the fracture stabilized over time.
The patient's clavicle and mandible fractures were treated non-operatively. Following the closed reduction, he remained intubated in PICU with significant airway edema. He required tube feeds through most of his stay secondary to his mandible fracture and extended neck position.
Initially his right arm was quite weak. Physical and occupational therapy began rehabilitation and he progressed well, mobilizing independently and using all of his limbs for play by the time he was discharged 8.5 weeks later.
Seven weeks following his injury he was taken to the OR for adjustment of his alignment. Under general anesthesia, fluoroscopy and neuromonitoring, he was placed in a more neutral position. Again, a mild decrease of the MEPs (~35%) was noted with further flexion and this was thus abandoned. Despite this, he was in a more neutral position than previous and he was kept in the halo vest to promote further healing of his ligamentous injury.
The patient was brought back to the OR 13 weeks following his injury. Following general anesthesia, neurophysiological assessment was repeated. Evaluation of alignment and stability was assessed with gentle controlled motion with neuromonitoring and fluoroscopic guidance. Mild kyphosis was identified at C2/3 with no evidence of instability on maximal flexion or extension. He was placed in a Miami J cervical collar for four weeks.
At 6 months post injury, he showed progressive kyphosis at C2/3 and C3/4. Posterior instrumentation and fusion of C2-C4 were performed using pars screws at C2, lateral mass screws at C3 and C4, and iliac autograft. This was followed by 8 weeks of halo vest immobilization and collar for another month. At one year post injury, he was participating in most recreational activities. Examination revealed only a mildly increased tone through the right leg and difficulty with single-legged hops. 
Discussion
Fortunately, upper cervical spine injuries in children are rare, but are over represented due to their head and neck anatomy. As illustrated in this case, careful positioning of the injured child on a spine board is imperative to avoid any worsening of a possible cervical spine injury [17, 18] . A child's large head size necessitates elevation of the torso on the spine board in order to avoid undue neck flexion.
Neurological deficits associated with cervical spine injuries in children have been reported as high as 52-55% [1, 2] . The outcomes following spinal cord injury in young children are much better than in adults [19] . The initial neurological status seems to represent an important factor for prognosis and clinical outcome, with incomplete injuries being most favorable [1] . As discussed above, our patient also demonstrated good recovery after presenting with an incomplete injury.
The paucity of evidence in managing these injuries has led to a variety of treatment approaches. Ozkan et al. highlighted six cases of odontoid fracture in children, five type II and one type III, that did well with application of a Philadelphia collar for 3-5 weeks [1] . Many other authors advocate for halo fixation. Osenback and Menezes found that the halo vest provided superior immobilization in cervical spine injuries and minimal morbidity in patients as young as 1 year of age [20, 21] . In contrary to these methods, some recent literature supports early surgical treatment [1] . Indications for surgical intervention include unstable injuries with progressive neurological deficit, fracture dislocations, or progressive deformity with compression of neurological structures [22] . Ozkan et al. performed surgical fixation in 46.7% of their 75 patients with no reports of growth arrest, spinal deformities, neurologic decline, or revision [2] .
With such paucity and variability in the literature on this topic, it is unknown whether operative intervention aids fracture union and functional outcome in small children. In this case, the team elected to manage the fracture with closed reduction and halo vest. The optimal method of performing a closed reduction in an adult is to reduce the fracture while the patient is awake to monitor neurological status. Many patients are not able to participate in this type of reduction, either because of age, cognitive ability, or concurrent injuries. Although performing the reduction in an MRI scanner is an option, only the position of the spinal cord can be monitored, not function [23] . As an alternative, our team used evoked potentials during reduction to give some measure of spinal cord function [24] .
In this case, evoked potentials were able to guide and modify fracture reduction and neck positioning. We believe that the use of the evoked potentials prevented a significant worsening of neurological function. Although the fracture went on to bony union, surgical stabilization was eventually required for his associated ligamentous injury. 
